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Summary 
 
  The use of multifunctional materials is ever increasing day by days. Multifunctional materials 
contain structural and non-structural functions and could improve system performances through 
reducing weight and volume of the system. Especially, carbon fiber reinforced composites are 
regarded as one of the outstanding multifunctional materials which can offer structural and 
electrochemical energy storage functions. 
  Performances of carbon fiber composites are critically determined by interphase interactions 
between fibers and matrix. Therefore, many surface treatment methods are utilized to improve 
composite properties. Among the surface treatments, the whiskerization method does not degrade the 
carbon fiber properties via nanostructure deposition. Therefore, the tin oxide nanorods were 
synthesized on woven carbon fiber (WCF) surface using two step hydrothermal methods as a sort of 
whiskerization treatment. The SnO2 nanomaterials are widely used as energy storage devices owing to 
its wide band gap and high excitation energy as a semiconductor material. Therefore, the mechanical 
and electrochemical performances of tin oxide nanostructured carbon fiber composites were studied. 
  In this thesis, the mechanical and electrochemical energy storage performances were characterized 
via tin oxide nanorods on carbon fiber surface. The tin oxide nanorods were synthesized using 
hydrothermal method and utilized as secondary reinforcements in composite. X-ray diffraction (XRD), 
scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), and Brunauer-
Emmett-Teller (BET) method were used for observing morphology and structure of tin oxide 
nanorods arrays. 
  The improved mechanical properties of the impact absorbed energy (71.65%), ultimate tensile 
strength (35.07%), in-plane shear strength (49.07%) and elastic modulus (44.15%) were obtained for 
70 mM of SnO2-carbon fiber composite.  
  The structural composite capacitors were fabricated with two layers of SnO2-carbon fiber electrodes, 
one layer of glass fiber separator and multifunctional polymer electrolyte. The electrochemical energy 
storage performances were characterized by cyclic voltammetry, galvanostatic charge-discharge and 
electrochemical impedance spectroscopy. Multifunctional structural capacitors were achieved 147.53 
mF/g of specific capacitance, 15.06 mWh/kg of energy density, and 1.16 W/kg of power density for 
30 mM of SnO2-WCF composite capacitor 
  The SnO2 nanostructures were grown by self-assembly mechanism under high pH of about 13. The 
growth of SnO2 was enhanced mechanical and electrochemical energy storage performances than 
conventional carbon fiber composites.
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1. Introduction 
 
1.1. Carbon fiber reinforced composites 
   
  Carbon fiber reinforced composites (CFRPs) are widely utilized in industries where low weight and 
high strength are required, for instance, CFRPs are used in aircraft parts due to their abilities to reduce 
fuel consumption and enhance overall system efficiency. Their high specific strength and stiffness 
enable the high mechanical performance at a reduced weight. The fatigue tolerance, chemical and 
corrosion resistance of CFRPs make them desirable for high-tech structural engineering applications 
[1]. Therefore, it has been considered as an ideal material for aerospace industry which requires 
reduced weight and increased performance. However, the superior properties of CFRP are critically 
controlled by interphase status between fibers and matrix. Carbon fibers without surface treatment 
depict low interlaminar shear strength (ILSS) due to the chemically inert surface. The weak adhesion 
and poor bonding between fibers and matrix are the key reasons of low ILSS. Thus all carbon fibers 
are used with surface treatments [2]. These treatments enhance the surface functional groups and 
surface area and thus improve interphase bonding within interphase region [3, 4]. Surface treatments 
can be classified into oxidative and non-oxidative treatments. Oxidative treatments are carried out 
chemically [5] or electrochemically [6] via gas- or liquid-phase oxidation. The non-oxidative 
treatments are performed through deposition of more active materials such as highly effective 
whiskerization [7] or plasma treated to enhance interlaminar bonding.  
  The whiskerization is considered as a promising treatment which enhances interphase interactions 
without chemically deteriorating fiber surface [2, 8]. Whiskerization method, the deposition of an 
array of nanostructures (whiskers) on the fiber surface, allows the enhancement of the interphase 
properties via fiber interlocking and thus alleviates stress concentration at interlaminar region with 
reinforced interphase formation. Many carbon based whiskers, such as carbon nanotubes (CNTs), 
graphene oxides (GOs), and other fillers, are extensively used to improve the performances of CFRPs, 
however, the properties have not been enhanced to the desirable level. In order to be a successful 
reinforcement material, the filler should have a large aspect ratio, good alignment, and uniform 
distribution in the matrix [9]. One-dimensional (1D) metal oxide nanomaterials are widely explored as 
a sort of whisker due to its wide applications in sensors and electric devices [10].  
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1.2. Tin oxide nanomaterials as secondary reinforcement 
  
  Among the metal oxide nano-materials, tin oxide (SnO2) has been extensively utilized in many 
researches, for instance, gas sensors [11], transparent electrodes [12], solar cells [13] and 
supercapacitors [14] owing to the wide band gap (Eg = 3.6 eV, at 300K),  large excitation binding 
energy (130 meV), high thermal shock resistance [15] and high theoretical capacitance (782 mAh/g) 
[16].  
  Several synthesis methods of tin oxide nano-materials such as sol-gel [17], chemical vapor 
deposition [18], thermal evaporation[19], solvothermal[20], and hydrothermal techniques[21] have 
been reported. Among the different methods, the hydrothermal process has been the most favorable 
because it is cost effective and environmentally safe, lowers energy consumption. Synthesis of SnO2 
1D nanorods (NRs) on carbon fiber surface as secondary reinforcements in CFRPs has yet to be 
reported while several hydrothermal synthesis techniques for SnO2 nanostructures have been reported 
[21-24].  
 
1.3. Structural composite capacitor as multifunctional material 
   
  There have been enormous interests in developing multifunctional materials that simultaneously 
present structural and non-structural functions. Multifunctional materials exhibit load-bearing 
structural capability with at least one of additional function such as electrical, thermal, optical, 
chemical and electromagnetic properties [25], and thus can achieve the improvement of system 
performance via reducing the redundancy (weight and volume) of the system. The ordinary 
composites are made from two or more different materials which contain physically or chemically 
disparate properties, but when combined, it produces improved engineering performance than 
individual components [26]. Therefore, the composite materials are ideally suited for constructing 
multifunctional materials which can fulfill more than one goal within a system. 
  The combination of structural and electrochemical energy storage functions is one example of 
multifunctional material and has great potential in aerospace, electric automobile, and portable 
electronic applications [27, 28]. It is challenging to develop multifunctional composite materials 
which can perform superior performance in structural and energy storage functions simultaneously. 
Several papers have reported multifunctional structural capacitors using carbon fibers electrodes have 
been chemically activated [29], sized via carbon nanotube [30] and deposited with monolithic carbon 
aerogels [31]. However, tin oxide nanostructured carbon fiber based structural capacitors have not yet 
been published.  
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1.4. Research motivation and objectives 
   
  This thesis work was motivated by a realization that the carbon fibers are utilized both for structural 
composites (CFRPs) and electrochemical energy storage devices, and hence, both CFRPs and 
electrochemical devices are generally assembled in a laminated form. Combining structural and 
energy storage functions is a considerable challenge, since the structural and non-structural functions 
are usually conflicting. However, the rewards of developing these optimum materials are huge and 
thus such materials enable the significant savings in system level mass and volume [32].  
  The superior mechanical properties of CFRPs are crucially controlled by interphase state between 
fiber surface and matrix. Therefore, enhancing the interlaminar interaction is essential for the 
successful development of composite material. Whiskerization is one of effective methods to 
reinforce interphase bonding via creating an interconnected network embedded in composites. The 
entangled interphase networks by whiskers, such as metal oxide nanostructures, increase the 
interactions between fiber surface and matrix and thus enhance the overall mechanical properties. 
When material loads are exerted on the composites, they absorb its energy and deform concurrently. 
During deformation, the cracks are caused by the applied load and propagate to the interface region. 
This progressed crack incurs the delamination in the interlaminar layer between fibers and matrix 
which is representative reason of mechanical property degradation. Entangled interphase network by 
nanostructures could hinder crack propagation as kind of obstacles and thus increases the resistance to 
external loads. Therefore, the metal oxide nanostructures at carbon fiber surface, reduces stress 
concentrations and enhances the load transfer within interlaminar region as secondary reinforcement 
of composite material. In this work, the tin oxide nanorods are focused among the metal oxide 
materials.  
In this work, tin oxide nanorods are focused among the metal oxide materials. ZnO and CuO are 
also extensively facilitated as whiskerization materials in carbon fiber reinforced composites [33, 34]. 
ZnO nanostructures are enormously investigated for their piezoelectric and semiconductor properites. 
Owing to the large band gap (3.4 eV) and large excitation energy (63.1 meV), ZnO nanowires are 
interested to many research fields such as strain sensing, acustic sensing, and energy harvesting [35-
37]. In addition, ZnO nanostructures can be synthesized at low temperature (<90℃) in aqueous 
solution, therefore; those are frequently used as secondary reinforcements for enhancing mechanical 
proeperties of composite materials. On the other hand, CuO nanosturcutres are also facilitated as 
whiskers for enhancing interfacial networks. CuO is utilized as p-type semiconductor materials 
beacause of narrow band gap of 1.2 eV [38]. CuO nanostructures are interested in several application 
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areas such as field emitters, rectifiers, and storage devices [39-41]. In addition, this nanomaterial is 
well known with regard to their high temperature superconductivity and relatively large 
magnetoresistance [42, 43]. CuO is considered as starting growth materials owing to characteristics of 
inexpensive, easy to get and low cost synthesis methods [44]. Lastly, SnO2 nanostructures have wide 
band gap (3.6 eV) and large excitation energy (130 meV), therefore; these are used as n-type 
semiconductor material and applied for gas sensors, transparent electrodes, solar cells and 
supercapacitors [11-14]. Tin oxide nanostructures are extensively synthesized through several growth 
methods and facilitated in many application fields, however; these are rarely utilized as whiskers in 
carbon fiber composites. 
The general properties of these three metal oxides are shown in Table 1-1. Among these metal 
oxides, the tin oxide has the highest value of band gap and excitation binding energy which represents 
that SnO2 is the most chemically stable. ZnO exhibits highest theoretical capacitance, however, it is 
too insulating and presents poor rate capability and reversibility during charge/discharge process [45]. 
Meanwhile SnO2 are extensively used in energy storage applications due to its realiability of 
pseudocapacitive behaviors while operating [63]. In addition, the bulk modulus is highest relative to 
ZnO and CuO. The bulk modulus is the elastic properties of material and describes the strain response 
to hydrostatic stress involving change in volume without shape change. The highest value of bulk 
modulus and advantageous characteristic in energy storage of SnO2 are suitable for developing 
mulifunctional structural and energy storage composites.  
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Table 1-1. Properties of SnO2, ZnO and CuO [38, 46-53] 
 
SnO2 ZnO CuO 
Structure 
 
 
 
Lattice 
parameters 
a 4.737 Å  
c 3.186 Å  
u 0.307 Å  
a = b 3.249 Å  
c 5.2042 Å  
c/a 1.6018 Å  
a = 4.6927 Å  
b = 3.4283 Å  
c = 5.1370 Å  
Crystal 
structure 
Rutile Wurtzite Monoclnic 
Density 
(g/cm3) 
6.994 5.675 6.569 
Band gap 
(eV) 
3.596 3.441 1.2 
Excitation 
binding 
energy 
(meV) 
130 63.1 - 
Dielectric 
constant 
9.58 8.75 18.1 
Theoretica
l capacitance 
(mAh/g) 
781 978 674 
Bulk 
modulus 
(GPa) 
205 183 99.7 
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Carbon-based materials are frequently used owing to its superior conductivity and structural 
performance as electrodes. The multifunctional structural capacitor built around the laminated carbon 
fiber layers. There are two vital components in structural capacitors. One is solid electrolyte matrix 
that enables ionic motion and provides sufficient structural support and interfacial bonding. The other 
is a functionalized electrode that contains superior energy storage capability and mechanical 
properties [31]. Such devices suffer performance limiting issues such as delamination at the fiber-
matrix interface due to insufficient interfacial bonding. In addition, higher surface area of the 
electrodes results in improved energy capacitance. Therefore, the carbon fiber electrodes are used 
with surface modification to increase surface area and enhance the interphase interaction through 
deposition of nanostructured materials. Synthesizing tin oxide nanostructures on carbon fiber surface 
would be appropriate candidate for increasing surface area and energy storage capability (high 
theoretical capacitance).   
  In this thesis, the importance of improving the interphase condition will be emphasized for the 
multifunctional properties of CF (carbon fiber) composites. In addition, the tin oxide nanostructures 
are evaluated as secondary interphase reinforcements in CFRP composite via characterizing the 
structural and energy storage performances. The objective of the study is to synthesize tin oxide 
nanostructures on CF surface, utilize them for interphase reinforcements and characterize mechanical 
and energy storage performances of SnO2-CF composite for multifunctional application. 
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1.5. Outline of thesis work 
   
  In the work reported here, tin oxide nanorods grown carbon fiber composite has been systematically 
studied. The chemical characteristics of synthesized nanorods were analyzed via SEM, XRD, XPS, 
and BET. The mechanical properties of SnO2-CF composite were exhibited by impact and tensile tests. 
In addition, the multifunctional structural composite were fabricated with SnO2-CF as electrodes and 
demonstrated electrochemical energy storage performances through CV, GV and EIS measurements.  
  The rest of this thesis is structured as the following. 
  Chapter 2 addresses the characteristics of carbon fiber reinforced composites and its application. 
The advantages and disadvantages of carbon fiber composites are explained and the surface treatment 
methods on carbon fiber surface to overcome disadvantages. In addition, the principles of the energy 
storage mechanisms of capacitors are explained through electric double layer models. The 
components will be briefly discussed are electrode, electrolyte and separator. 
  Chapter 3 introduces the experimental details for synthesizing tin oxide nanostructures and SnO2 
nanostructured CF composites. The characterization results are provided which involves multiple 
techniques such as scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS) for SnO2 nanorods. In addition, the mechanical characterization 
results of composite are exhibited via impact and tensile tests, moreover, compared with other metal 
oxides reinforced composites. 
  Chapter 4 demonstrates the electrochemical energy storage performances of tin oxide 
functionalized structural capacitor. The SnO2-CF electrodes surface area is analyzed by BET method 
for observing surface area improvement of carbon fiber electrodes. Electrochemical energy storage 
performances of structural capacitor are exhibited via CV, GV, and EIS tests. In addition, the energy 
storage performances are compared with other reported results of carbon based structural capacitors in 
Ragone plot. 
  Chapter 5 summarizes the research works and results of this thesis and several future works to 
improve the performance of SnO2-CF composite are suggested. 
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2. Literature review 
 
2.1. Carbon fiber reinforced composites 
   
  The importance of carbon fiber composite materials is increasing in many applications such as 
aerospace, automotive and other weight sensitive applications due to its superior combination of 
stiffness, strength, and light weight. In addition, their fatigue tolerance, chemical and corrosion 
resistance makes them desirable for advanced structural engineering application. The high specific 
stiffness and modulus can be visualized by using modified Ashby chart [54] as shown in Figure 2-1. 
Current applications include the Formula 1 in motorsport team of McLaren [55]. In US Air Force, the 
F-22 Raptor and Joint Strike Fighter consist approximately 25% composite by weight. The Committee 
on Materials Research for Defense After Next (2003) argued that fiber-reinforced polymer composite 
have the potential to achieve a 20-25% improve in performance in next 15-25 years. 
Composite materials are made from two of more constituents with significantly distinctive 
properties to make one heterogeneous material. The composite material is composed of constituent 
materials that contain a reinforcement and matrix. The advantage of the composite material is that it is 
designed to take advantage of the beneficial properties of each constituent without being limited as 
much by the original constituents. 
The fiber reinforcements are made through textile techniques such as braiding, weaving, and 
knitting. The woven fiber fabrics generally consist of two sets of yarns that are interlaced and 
vertically stacked to each other. The yarns that lie along the length of the fabric while the treads that 
lie from the other side of the fabric. The weaves are classified into three different shapes; (a) Plain 
weave, (b) Twill weaves, (c) Harness-Satin weaves [56] which shown in Figure 2-2. 
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Figure 2-1. Modified Ashby materials property charts for specific modulus, against specific strength 
10 
 
 
Figure 2-2. Basic weave types [4] 
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  The plane weave (0/90) is the most common weave style and needs only four weaving yarns: two 
warps and two fills. The simple plain-woven fabric is highly interlaced and thus very resistive to in-
plane shear movements [57]. A Harness-satin weave produces more flexible fabric than plain weave. 
The fill yarn floats over several warp yarns before interlacing under one. Common satin weaves are 4-
Harness Satin, 5-Harness Satin and 8-Harness Satin. The twill woven laminate performs a higher 
tensile modulus than plain woven laminate, however, has lower tensile modulus. [58] 
  In manufacturing fiber reinforced composites, the polymer matrix material is introduced to the 
reinforcement before or after placing the fibers into the mold cavity or surface melding. There several 
types of manufacturing processes: pressure bag molding, vacuum bag molding, resin transfer molding, 
autoclave molding and vacuum assisted transfer molding (VARTM). In the case of VARTM process, 
the woven laminated composite is manufactured via infusion of polymer resin under vacuum state. 
The resin-infused fibers are placed in vacuum for several minutes or hours until resin is cured. 
Despite the many attractive mechanical properties of fiber reinforced composite, they are still 
crucially influenced by interphase state within interlaminar region [59]. A carbon fiber composite 
manufactured from a strong fiber and well-suited matrix would not inevitably conclude a strong 
material due to the interface state between fiber-matrix is crucial in determining the mechanical 
properties of the final composite [60]. Besides, the whole properties of the fibers are not fully 
performed owing to the presence of debonding at fiber-matrix interface as shown in Figure 2-3 [61]. 
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Figure 2-3. Debonding of the fibers from the matrix showing the low adhesion of fibers to matrix that 
reduces the strength of the composite [61] 
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  Most carbon fibers are used with surface treated for enhancing interphase interactions with matrix 
via increasing the surface area and functional groups. Surface treatments can be divided into oxidative 
and non-oxidative treatments.  
  Oxidation treatments includes gas- (air, ozone, oxygen, etc.) or liquid-phase (hydrochloric acid, 
nitric acid etc.) oxidation through chemically or electrochemically oxidation. Gas-phase oxidation is 
performed at high temperatures in a gas contained environment which creates functional groups on 
carbon fiber surfaces. However, the surface functional groups are unstable which created by this 
method. The surface of the fiber may not be burned uniformly, resulting in high reactivity surface. 
Therefore, the reduced tensile strength and modulus are appeared by these detrimental effects. In 
liquid-phase oxidation (wet oxidation), the liquid oxidizing agents (chlorosulfonic acid, nitric acid etc.) 
are used to modify the surface. The surface functional groups such as carboxyl, ether or hydroxyl are 
attached onto the fibers, and thus the load transfer and adhesion within interlaminar region are 
improved. The concentration of agent liquid, exposure time and temperature are the factors of this 
process. In electrochemical wet oxidation, reactive surface and enhanced adhesion are presented by 
electric charge. The chemical reactions enhances the surface roughness and the wettability of the 
fibers, therefore, the interlaminar shear strength of the composite and mechanical interlocking in the 
fiber-matrix interface is improved. Although some improvements are achieved by oxidation, they also 
damage to the surface of the fiber and deteriorate tensile strength of the carbon fiber [62].  
  The non-oxidative treatments involve the deposition of more active material forms such as whiskers 
and nanostructures to improve the load transfer and bonding. Unlike the oxidation methods where the 
surface functional groups are attached, the non-oxidative treatments deposit the secondary materials 
as interphase. These methods are can be considered as interphase treatment due to a third constituent 
is inserted to the composite between carbon fibers and matrix [63]. Through introducing intermediate 
phase with superior structural performances such as sizings [64], SiC whiskers [65], carbon nanotubes 
[66], and metal oxide nanostructures [67]. In polymeric sizing interphase, the strong adhesion 
between the sizing layer and matrix results in failure at the interface of sizing layer/fiber. The sizing 
on carbon fibers are chemically compatible with the polymer and the matrix. The interfacial shear 
strength in the composite with sized fiber was greater than unsized fiber composite [68]. In addition, 
the failure mode of sized fiber composite was different because the interfacial failure is appeared from 
matrix cracking. On the contrary, the unsized fiber composite showed debonding between fibers and 
matrix [64]. The sizing of carbon fiber leads to high adhesion within interphase region and allows 
energy release in the interphase which improves the fatigue resistance. 
A whiskerization method is growing whiskers on the fiber surface which synthesizing protrudes 
nanostructures into the matrix to enhance surface area, and hence, bonding and load transfer within 
14 
 
interphase. This process is independent to the resin system, in other words, it does not affected by 
chemical reaction or the affinity of the resin. The whiskers have to be tightly attached to the fiber 
surface in order to effectively develop improved interface strength. Two interfaces which are created 
by whiskerization must be stronger than previously existed one interphase. Generally, the high 
strength nano-crystals are grown such as SiC [65], metal oxides [67, 69] to obtain enhanced surface 
area and increase mechanical interlocking within interphase. Several synthesis methods for 
whiskerization involve chemical vapor deposition (CVD), thermal evaporation, solvothermal, and 
hydrothermal techniques. CVD process is the one of the common method, for instance synthesizing 
SiC nanostructures, and is carried out high temperature (over 1000 ℃) [65, 70]. The interlaminar 
shear strength was increased with CVD method; however, the in-plane properties of composite were 
drastically deteriorated owing to the damage of fiber by high processing temperature. Carbon 
nanotubes are also utilized with deposition on carbon fiber due to good mechanical properties, high 
aspect ratio and surface area. These can be synthesized through CVD method; however, the tensile 
strength can be enormously deteriorated because this method is very sensitive to small variations as 
shown in Figure 2-4 [71].  
 
 
 
 
 
 
 
 
 
 
 
 
15 
 
 
Figure 2-4. Change of carbon fiber tensile strength after synthesis of CNTs through CVD [50] 
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  The hydrothermal technique is another whiskerization method which is promising due to low 
processing temperature, short reaction time, and rapid growth rate of crystal. This method is usually 
performed between 100-300 ℃ for several hours usually from 4 hour to few days. Although it can be 
considered as high temperature, actually these temperatures are relatively lower than other techniques. 
This low temperature nucleation does not damage to carbon fibers and thus enhanced mechanical 
properties of composite can be promoted. Temperature, pressure, and surfactants are used in this 
process in order to enhance solubility of precursor and change solution conditions for favorable 
formation of desired phase. In addition, this method includes several advantages such as low cost, 
high purity of product, and the capability of controlling the crystal size [72]. ZnO nanowires were 
synthesized through this method under low temperature (90 ℃) for several hours [73, 74]. The low 
temperature does not affect the elastic properties of the fibers and create strong interface. The 
synthesized ZnO nanowire presented highly increased surface area and shown 320% increase in the 
interfacial shear strength than carbon fiber/epoxy interface. CuO nanowires were also synthesized 
with this method about 100 ℃ for 12 hours [34]. The CuO nanowires on carbon fiber surface 
reinforced interphase interactions and hence enhanced surface area and mechanical properties of 
composite were performed. The strong adhesions at interphase region as well as load transfer by 
mechanical interlocking were appeared owing to increased surface area and surface functional groups 
on metal oxides. 
  Similarly, the tin oxide could be synthesized for whiskers on carbon fiber surface via hydrothermal 
method. The synthesis of tin oxide nanorods by hydrothermal method has been reported [21, 75], 
however, few studies have been reported as the sort of whiskers on carbon fiber surface for the 
composite reinforcements. 
 
 
2.2. Multifunctional materials 
 
  The carbon fiber reinforced composites have been presented superior improvements and offered 
application opportunities to industries. More recently, the composites are considered as 
multifunctional materials due to its combined structures with two or more distinctive materials in one 
[76]. The multifunctional material can be defined that a new materials or structures perform more than 
two functions simultaneously. The multifunctionallity in this material can be classified into (a) multi-
structural functions, (b) combined structural and non-structural functions, and (c) both. One example 
for type (a), the composites perform high stiffness, high strength, high fracture toughness and high 
impact resistance. In the case of type (b), the load-bearing structure which can provide noise and 
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vibration control, self-healing, thermoelectric, or energy harvesting/storage function. While an 
example for type (c) would be a structure which combined type (a) and (b). Recently, most of 
multifunctional materials are developed in type of (b). 
  The multifunctional materials must be composite by definition. In addition, the many achieved 
researches about composite have been greatly offered the capabilities for designing multifunctional 
materials and structures. Among them, the combination of structural and energy storage capabilities in 
one material, to develop structural energy storage devices, provides the capability of significant 
reducing the system redundancy (weight and volume) [77]. Traditional systems are relying on 
independent load-bearing structural and energy storage materials. Such systems are reliable to 
aerospace, electric automobile and portable electronics where reducing weight and volume of system 
could achieve superior improvements of system level performance. Optimizing structural energy 
materials is considerable challenge due to such functionalities are usually conflicting, often with 
cross-cutting phenomena [78]. However, the rewards of developing such multifunctional materials are 
enormous which offers significant redundancy reductions in system [32]. Previous studies have been 
reported multifunctional structural composites such as structural battery [79, 80], structural capacitor 
[27], and structural fuel cell [81]. A gel-based composite polymer electrolyte for lithium batteries was 
developed via utilizing hierarchical mesoporous silica network and achieved a discharge capacity as 
much as 150 mAh/g [79]. Nanometre-sized ceramic TiO2 assisted polymer electrolyte for lithium 
battery was demonstrated conductivity around 10
-4
 S/cm at 50 ℃ and 10-5 S/cm at 30 ℃ in a PEO-
LiClO4 mixture [80]. The structural capacitors using carbon-fiber/epoxy-matrix composite was 
manufactured with 1.2 μF/m2 capacitance at 2MHz [27]. The structural fuel cell was studied with 
solid oxide nanomaterials and mechanically tested via stretching and bending [81]. In this research, 
the structural capacitor is focused via facilitating carbon fiber reinforced polymer composite. Tin 
oxide nanostructures was synthesized on carbon fiber surface as whiskerization, in addition, this 
material is frequently used in energy storage applications. Therefore, the structural and 
electrochemical energy storage functions were evaluated by mechanical tests and electrochemical 
characterization.  
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2.3. Working principles of capacitors 
 
2.3.1. Electrochemical capacitors 
 
  Electrochemical capacitors (EC), also known as supercapacitor comprises two high surface 
electrodes with a separator between them. Those two electrodes are dipped in electrolyte and 
separated by separator which prevents the electrical contact between electrodes and allows ion transfer. 
The ECs are macroscopically worked like conventional capacitors. The conventional capacitors, also 
known as electrostatic capacitor, are formed with two parallel electrodes which separated by a 
dielectric membrane as insulating layer. The capacitor performances can be characterized by 
capacitance C. It is the capability of charge storage which is defined by the ratio of stored charge Q to 
the applied potential V: 
 /Q C V   (2.1) 
The capacitance of electrostatic capacitor with vacuum layer between parallel electrodes can be 
estimated as follows: 
 
A
C
d
   (2.2) 
where two electrode distance of d, vacuum permittivity of ε and electrode surface area A. The energy 
storage performances of capacitor are presented by energy and power of device [82]. The energy E 
stored in capacitor is can be obtained by utilizing eq. 2.1. 
 
2
2
0 0
1 1 1
2 2 2
Q Q q Q
W Vdq dq UQ CU
C C
        (2.3) 
C is the capacitance and U is the operating potential of capacitor. The power P that capacitor is able to 
deliver is determined by the equation 
 /P E t   (2.4) 
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2.3.2. Electric double layer 
   
  Electric double layers are generating when ECs are connected to external power supply, the positive 
and negative ions in electrolyte are accumulated onto the electrode surface. The balancing counter 
charge layers are appeared on the surface of the charged electrode. Hence, a double layer of charge is 
appeared at each electrode. There are several models for this double-layer interface. The Helmholtz, 
Gouy-Chapman, and Stern models are shown in Figure 2-5, where Ψ is the potential, Ψ0 is the 
electrode potential, IHP and OHP is the inner and outer Helmholtz plane in Stern model [83]. 
2.3.2.1. Helmholtz model 
  The concept of a double-layer was first described by von Helmholtz which is the simplest theory 
for demonstrating the spatial charge distribution at interface. The charge of the electrode is balanced 
by opposite ions in a distance (d) from the surface to the center of the ions. However, the ions on the 
electrolyte side cannot form static compact arrangement; therefore this model could not sufficiently 
explain what occurs in nature [84]. 
2.3.2.2. Gouy-Chapman model 
  The Helmholtz double-layer model was modified by Gouy and Chapman. They suggested that 
same amount of opposite charges are appeared with charged solid surrounded in electrolyte solution 
and charges are not arranged compactly on to the surface [84]. The continuous distributions of ions in 
the electrolyte are demonstrated by a diffuse layer with distance d due to the kinetic fluctuation. The 
ions were assumed as point charges; therefore, they could be arranged on the surface with no limits 
which is untrue. This model fails for highly charged double layer which charged ions closely arranged 
to the electrode surface [85]. 
2.3.2.3. Stern model 
Stern considered both the Helmholtz model and Gouy-Chapman model in order to recognize inner 
compact layer and diffuse layer and modified the Gouy-Chapman model by assuming ions have a 
finite size. In stern model, the first ions are adsorbed compactly on electrode surface, like Helmholtz 
model, as inner compact layer. After charges compactly adsorbed, the ions are distributed in 
electrolyte same as diffuse layer in Gouy-Chapman model [85]. This model has been demonstrated 
that the capacitance of double-layer is also influenced by the surface properties of electrode [86]. 
 
 
 
 
20 
 
 
Figure 2-5. Electric double layer models, (a) Helmholtz model, (b) Gouy–Chapman model,  
and (c) Stern model [83] 
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2.3.3. Comparison of energy storage devices 
 
The Ragone plot (Figure 2-6) presents the energy storage performances of various energy devices 
by energy and power density visualization [87]. Energy density determines the amount of energy 
could be stored in cell and power density indicates the rate of the energy could be delivered. From the 
plot, the conventional capacitors are considered as high power device but perform relatively lower 
energy density. It indicates that the rate of charge or discharge is very high but it cannot store much 
energy in unit mass and volume. Whereas, high energy density could be achieved in batteries or fuel 
cells, but depicts a poor dynamic performance. EC has the capability to store more amount of energy 
due to the high electrode surface area than capacitor and provides more power than batteries. 
Therefore, the ECs can be charged or discharged very fast and store a moderate energy. In addition, 
the charge storing mechanism involves only physical storage process without chemical or phase 
behavior; therefore, storage mechanism is highly reversible and enables large charge-discharge cycles 
[88]. By these reasons, ECs are appropriate candidate for the future energy storage device. 
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Figure 2-6. Ragone plot for various electrochemical energy storage systems [87] 
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2.3.4. Types of energy storage mechanism 
 
  Two different types of energy storage mechanisms can be classified into electrochemical double-
layer capacitance (EDLC) and pseudocapacitance. EDLC is caused by the separation of charge at the 
surface of electrodes within interphase region between electrode and electrolyte, while 
pseudocapacitance is incurred from the fast and reversible faradic redox reactions. 
 
2.3.4.1. Electrochemical double layer capacitance 
  EDLC presents similar behavior to the conventional electrostatic capacitor which non-Faradic 
charge storage mechanism. In non-Faradic process, there is no limitation aroused by electrochemical 
kinetics; therefore, it performs higher power density than pseudocapacitance mechanism, and higher 
energy storage capability than conventional capacitors. On applying an external voltage between 
electrodes, in order to maintain a neutral system, ions in the electrolyte are absorbed onto surface of 
the opposite charged electrode, hence the double layer structure are appeared at both electrodes. In 
detail, the cations in electrolyte move to the negative electrode whereas anions move towards the 
positive electrode. While charging process in the positive electrode: 
 / /E A E A e         (2.5) 
E+ is the positive electrode, A
-
 is the anion and // is the interface between electrode and electrolyte. At 
negative electrode: 
 / /E C e E C
   
      (2.6) 
E- is the negative electrode, C+ is the cation. The discharge process is reverse of above the equation. 
High surface area materials are utilized for electrode due to shorter distance between electrode and 
electrolyte. 
The equivalent circuit of an EDLC cell is shown in Figure 2-7. Rp is the resistance of the insulating 
layer and assumed to be large enough. In double layer region, the capacitance and resistance are 
maintained at same voltage, thus the circuit presents a parallel relation of Cdl and Rp. Besides, the 
resistance also exists in adjoining regions such as electrolyte, electrode and current collector; 
therefore, this resistance is presented as Rs [89]. 
 
 
Figure 2-7. Equivalent electrical circuit of an EDLC cell [89] 
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2.3.4.2. Pseudocapacitance 
  A pseudocapacitance presents a intermediate behavior between a battery and an electric double 
layer capacitor. Charge storage occurs by chemical and electrochemical means. It is not only a charge 
accumulation on electrode surface but also involves reduction-oxidation (redox) reactions. When 
external electric load is engaged, a fast and reversible redox reaction occurs on the electrode surface. 
Whereas the charge transfer are aroused in bulk of electrode in battery, the charge storage is takes 
place at the surface of electrode, thus the transfer rate is higher. During the charge process, the 
reaction at the positive electrode could be estimated as follows: 
 / /E A E A e          (2.7) 
At negative electrode: 
 / /E C e E C
         (2.8) 
E+ and E- are positive and negative electrodes, A- is anion and C+ is cation. // presents the electrode-
electrolyte interface. The δ is the electrosorption valence which related to the redox reaction in 
electrode. 
  The pseudocapacitance can be aroused by thee electrochemical features such as underpotential 
deposition, redox pseudocapacitance, and intercalation pseudocapacitance [90]. The first two 
processes are critically depends on the electrode surface area and third is mainly a bulk process. The 
faradic reaction incurred by the redox or doping/dedoping process of electrode and the charge transfer 
process is voltage dependent in pseudocapacitive behavior [91]. The redox reaction is slower than 
EDLC process due to the impedance of the reaction [92]. However, the much large capacitance can be 
achieved due to the Faradic reaction [93]. 
The equivalent electrical circuit of pseudocapacitance behavior is presented in Figure 2-8. Cφ is the 
pseudocapacitance, RF is the resistance between electrode and electrolyte, and RD is the Faradic 
resistance which may act during discharge when the ions desorb. The pseudocapacitance is larger than 
double layer capacitance at certain potentials and the parallel combination of this pseudocapacitance 
assists the capacitance development [94]. 
 
 
 
Figure 2-8. Equivalent electrical circuit of a Pseudocapacitor [94] 
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3. Synthesis and characterization of tin oxide nanorods on carbon fibers 
 
3.1. Materials and reagents 
 
  T-300 grade of WCFs (woven carbon fibers) were received from Amoco Corp. (Chicago, IL, USA). 
Tin oxide nanostructures were grown from obtained WCFs. These nanostructures were synthesized 
from Tin acetate (Sn[Ⅳ](CH3CO2)4), sodium stannate trihydrate (Na2SnO3∙3H2O) and sodium 
hydroxide (NaOH) which purchased from Sigma-Aldrich (St. Louis, MO, USA). The two kinds of 
ethanol were utilized, one was purchased from J.T. Baker (Phillipsburg, NJ, USA) for seeding 
solution and the other was receieved from Samcheon Pure Chemical Co. Ltd. (Pyeongtaek, Korea) for 
hydrothermal process. The vinyl ester resin (RF-1001MV) and methyl ethyl ketone peroxide (MEKP) 
crosslinker were purchased from CCP composites (Jeollabuk-do, Korea) and ARKEMA 
(Gyeongsangbuk-do, Korea), respectively. 
 
3.2. Experiments 
 
3.2.1. Preparation of SnO2 seeding solution and growing solution 
 
  Carbon fiber surfaces were functionalized by tin oxide nanorods as whiskers. Tin oxide 
nanostructures are synthesized using two-step hydrothermal method that consisting seeding and 
growing procedure. The tin [Ⅳ] acetate and sodium hydroxide were used for seeding procedure. Tin 
acetate (0.04M) was dissolved in 400mL of ethanol (received from J.T. Baker) for 30 min stirring at 
65℃ heating. Sodium hydroxide (0.04M) was also dissolved in 80 mL of ethanol and dissolved 
solution was added to the synthesized Sn[Ⅳ](CH3CO2)4 solution. 320 mL of ethanol was added to 
mixed solution for adjusting 800 mL of final seeding solution with 40 min stirring. The pH level of 
seeding solution was kept at 7-8. The chemical reactions in SnO2 seeding solution were as follows: 
  
4
4
8
8 Sn OH Sn OH

        (3.1) 
  
4
4
4 28
4 Sn OH SnO H O

      (3.2) 
 
4
4 2 22 4  SnO H O SnO OH
      (3.3) 
  
2
2 2
2 SnO OH Sn OOH
    (3.4) 
  The sodium stannate trihydrate, sodium hydroxide and ethanol (Samcheon Pure Chemical) were 
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used for growing procedure. The Na2SnO3∙3H2O and NaOH were mixed at a 1:4M ratio in deionized 
water (DIW). For preparing 10mM of SnO2 growing solution, Na2SnO3∙3H2O (10mM) and NaOH 
(40mM) were each dissolved in 150 mL of DIW for 10 min stirring. These two precursor solutions 
were mixed together for 20 min stirring to obtain 300 mL of transparent solution. Then, the 300 mL of 
ethanol was slowly added to prepared solution with vigorous stirring for 1 hour. The pH level of 
growing solution was maintained at 13-14. Same procedures were followed to prepare 30, 50 and 70 
mM growing solutions. As concentration of growing solution increasing, the white precipitates are 
appeared and white suspensions are formed. These final growing solutions were used for synthesizing 
SnO2 nanorods on the treated carbon fibers. The chemical reactions occurred in the growing solution 
and synthesis of SnO2 nanorods were as follows: 
 2 3 2 2 2 Na SnO H O SnO NaOH     (3.5) 
    
2
4 6
2Sn OH OH Sn OH

       (3.6) 
  
2
2 26
 2 2   Sn OH SnO H O OH



       (3.7) 
 
3.2.2. Fabrication of SnO2-WCF composites 
 
80 mm x 80 mm square size of CFs was immersed in ethanol for 1 min and dried in oven at 100 ℃ 
for 10 min to remove the impurities from the surface of carbon fiber. These clean CFs are dipped into 
the prepared seed solution for 10 minutes and then annealed in furnace (Thermo Fisher Scientific Inc., 
Massachusetts, USA) to enhance adhesion between carbon fiber surface and tin oxide nanostructures. 
The soaking and annealing process were repeated for several cycles to coat Sn(OOH)2
2-
 sources 
uniformly on CF surface. Subsequently, the seeded CFs were dipped in prepared growing solution and 
kept in a stainless-steel teflon autoclave heated at 220 ℃ for 24 hours in oven. After the hydrothermal 
process, the SnO2-CF sample was cleaned with distilled water to stop further growth of SnO2 
nanorods and dried at atmospheric temperature for 1 day. Samples of different growth molar 
concentrations were prepared to observe the effects of SnO2 NRs on surface morphology and 
mechanical properties. The VARTM process was involved to prepare the final composite 
manufactured from SnO2-CFs laminates and polymer resin. The overall process of synthesizing SnO2 
nanorods and fabricating SnO2-CF composites are shown at Figure 3-1 [95].  
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Figure 3-1. Schematics of SnO2 nanorods grown woven carbon fiber composites [95] 
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3.3. Experimental results and discussions 
 
3.3.1. Morphology analysis 
 
  Scanning electron microscopy (SEM; S-4800, Hitachi High-Technologies Corp., Tokyo, Japan) was 
used for observing the surface morphology of the tin oxide nanostructured carbon fibers samples. The 
experimental conditions (three-level, four-factor Taguchi method) were formulated to finding optimal 
tin oxide nanorods growing condition levels. The designed conditions and their results are listed in 
Table 3-1 [95] and SEM images are shown at Figure 3-2 [95]. The growth of tin oxide nanorods was 
critically influenced by hydrothermal growing temperature and time; however, seed cycle was not 
crucial parameters for the SnO2 nanostructure growth. There was no growth of tin oxide nanorods at 
sample 1 due to the insufficient heating temperature and time. Samples 4 and 7 shows no growth 
because of insufficient heating temperature of 140 ℃ and also samples 6 and 8 failed due to the short 
heating time of 12 h. Result in sample 6 shows some crystallizations, however, it was deficient for 
enabling growth of SnO2 NRs.   
  Thus, the optimal growing condition for tin oxide nanorods could be determined. The seeding cycle 
was not crucial parameter; therefore, it was fixed at 5 seeding cycle (middle level). The optimum level 
of growing temperature and time was determined at 220 ℃, 24h which is same condition with sample 
3. To achieve successful growth of 1-D axial tin oxide nanorods, 5 seeding cycle, 220 ℃ of 
hydrothermal temperature and 24 h of hydrothermal time are necessary.  
  Figure 3-3 [95] shows the result of SEM images at different molar concentration with fix 
hydrothermal temperature and time at optimal level. The rutile structured tetragonal shaped tin oxide 
nanorods were grown on carbon fiber surfaces under different concentrations from 10mM to 70mM. 
At the optimum level of temperature and time, the size of tin oxide nanorods are measured as follows: 
240.98 ± 77.59 nm in length and 188.02 ± 29.42 nm in diameter, 305.17 ± 49.22 nm in length and 
167.23 ± 17.75 nm in diameter, 607.21 ± 44.67 nm in length and 98.03 ± 9.98 nm in diameter, 711.31 
± 11.71 nm in length and 80.73 ± 16.34 nm in diameter. In addition, the measured aspect ratio was 
1.28, 1.82, 6.19 and 8.81 from 10 mM to 70 mM. 
  Judging from the growth result, two key factors of successful tin oxide nanorods growth could be 
identified. The first key required factor was the presence of solid nuclei in supersaturated growing 
solution. . SnO2 nanostructure was grown only at the supersaturated solution by tin (Sn) solid 
precursor. The nucleation of SnO2 nanostructure was initiated from amorphous Sn precipitate, proper 
temperature and time. In addition, the crystallization process was influenced by the number of 
Sn(OH)4 and (Sn(OH)6)
2-
 nuclei in growing solution and hydrolysis ratio. The sufficient degree of 
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supersaturated Sn precursors resulted in the greater SnO2 NRs growth due to the lower activation 
energy for crystallization. [96] Second, the molar ratio of Sn
4+
 and OH
-
 was the critical factor, in other 
words, pH determines the tin oxide crystalline morphology. Under hydrothermal condition, the solid 
nuclei underwent Ostwald ripening that is general growing process for most metal oxides. Typically, 
Ostwald ripening makes spherical nanostructure which is most stable in thermodynamic sense. At 
high pH over 13, however, the nanostructures prefer to grow in [001] direction. The surface energy is 
different with surface direction and increases in the order of (110) < (100) < (101) < (001), in other 
words, SnO2 nanostructures preferred to form in c-axis direction. The different theoretical surface 
energy has been calculated by several researchers [97, 98]. Pal et al. [99] suggested that spherical 
morphologies are shown at pH < 11 and the crystal growth in specific orientation occurred at pH > 11. 
Especially, they reported the morphology transformation from isotropic spherical to 1D anisotropic 
shape at pH 13. As adjusting the number of Sn precursors and heating temperature and increasing 
hydrothermal time, the size of tin oxide NRs and surface-to-volume ratio were changed [100]. 
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Table 3-1. Experimental conditions and results for tin oxide nanorods [95] 
 
Seed Cycle Growth temperature (℃) Growth Time (h) Growth concentration (mM) Result 
1 3 140 12 30 Fail 
2 3 180 18 50 Success 
3 3 220 24 70 Success 
4 5 140 18 70 Fail 
5 5 180 24 30 Success 
6 5 220 12 50 Fail 
7 7 140 24 50 Fail 
8 7 180 12 70 Fail 
9 7 220 18 30 Success 
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Figure 3-2. SEM images of SnO2 nanostructures grown on woven carbon fiber after different 
experimental conditions. The (B) images show acceptable SnO2 growth and the (A) images depict 
insufficient SnO2 growth. [95] 
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Figure 3-3. SnO2 nanorod (NR) growth on carbon fiber surface. (a) 10mM, (b) 30mM, (c) 50mM and 
(d) 70mM of SnO2 NRs. [95] 
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3.3.2. XRD and XPS studies 
 
  XRD was carried out using D8 advance (Bruker, Madison, USA) using crystal-monochromated Cu-
Kα radiation (λ= 2.5406 Å ) for 2θ = 20~80˚ with 40 kV accelerating voltage and 200 mA current. 
Figure 3-4 [95] show the XRD results of the as-grown nanorods and pristine carbon fiber (SnO2 = 0 
mM). All the diffraction peaks of as-prepared SnO2 NRs can be indexed to the tetragonal structure of 
SnO2 material. The lattice parameters of rutile structured tin oxide are a = b = 4.738 Å  and c = 3.185 
Å  which well matched with the standard crystalline data from JCPDS card (41-1445). The absence of 
byproduct peaks demonstrates that high purity of the SnO2 nanorods. The enhanced (002) diffraction 
peak represents that the oriented growth direction of tetragonal SnO2 nanorods in [001] direction 
[101]. The broader diffraction peaks at 10-30mM samples demonstrate that relatively small and thick 
SnO2 particles. 50-70 mM samples represent sharper and more intense peak which indicate increased 
SnO2 crystallinity and higher orientation degree of NRs.  
For identifying the chemical bonds configuration and composition of as-grown SnO2 NRs arrays, 
the XPS (Thermo Fisher Scientific, UK) was performed and its results are shown in Figure 3-5 [95]. 
The Sn 3d binding energy spectra data (Figure 3-5 (A)) represent that Sn 3d5/2 and Sn 3d3/2 which 
peaks occurred at 487.07 and 495.47 eV, respectively. The energy difference between these two peaks 
was 8.4 eV, which is well matched with reported for SnO2 nanorods [102]. The C 1s spectrum data 
which consisted with C-O and C=O peaks is presented in Figure 3-5 (B). These results indicate that 
carbon fiber surfaces are bonded with nanostructures with a good adhesion. [103] The XPS O 1s line 
is shown in Figure 3-5 (C) and depicts that the O-Sn4+ bonding at 530.9 eV. Therefore, O 1s line 
peaks demonstrates that the synthesized nanostructures are composed with SnO2 while the Ochem could 
be indexed with NaOH (532.8 eV) or H2O (532.8 eV). 
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Figure 3-4. X-ray diffraction peaks for SnO2 NRs on carbon fiber surface [95] 
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Figure 3-5. XPS results of SnO2 NRs embedded on carbon fiber surface. (A) The Sn 3d peak. (B) The 
C-O, C-C and C=O peaks. (C) The O-Sn
4+
 peaks. [95] 
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3.3.3. Tensile tests 
 
  Tensile test was performed to evaluate the stiffness of the SnO2-CF composite using an Instron 
5982 universal tester. SnO2 NRs were considered as secondary reinforcements at interphase region 
which is between matrix and carbon fiber surface.  
  The uniaxial tensile test was carried out for characterizing ultimate tensile strength and elastic 
modulus according to ASTM D3039 standard. Figure 3-6 (a) shows the tensile strength and elastic 
modulus in terms of SnO2 NRs contents. The bare carbon fiber composite (SnO2 = 0 mM) shows the 
lowest strength and modulus values, namely, it has the lowest interactions between matrix and fiber 
surface. In Figure 3-6 (a), the % increments of the ultimate tensile strength and elastic modulus were 
calculated which compared with the bare carbon fiber composite. As the SnO2 nanorods were 
embodied into the interphase region, the ultimate tensile strength and elastic modulus are increased. In 
other words, the as-grown tin oxide nanorods enhanced the interphase interactions between matrix 
and fiber surface as secondary reinforcements. In the in-plane shear response was investigated and 
followed by the ASTM D3518/D3518M-13 standard method (shown in Figure 3-6 (B)). The in-plane 
shear strength results are shown at Figure 3-6 (B) and were determined by following equation.  
 12
2
m
m F
b d
 
 
  (3.8) 
where τm12 is in-plane shear stress, F
m
 is maximum load, b is specimen width, and d is specimen 
thickness. SnO2 nanorods on this work improved the in-plane shear strength of the hybrid SnO2-CF 
composite. The SnO2 nanorods network facilitated the load transfer via strong interactions of ionic 
and polar behavior of tin oxide nanorods with surface functional groups (hydroxyl, carboxyl and 
carbonyl). The results obviously demonstrates that the presence of the interlocked SnO2 NRs 
interactions enhanced the mechanical properties (ultimate tensile strength, elastic modulus, in-plane 
shear strength) and could prevent the fibers from breaking. 
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Figure 3-6. Mechanical properties of the tin oxide nanorods-WCF composites in terms of SnO2 molar 
concentration [95] 
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3.3.4. Impact tests 
 
  For characterizing the impact energy absorption of the SnO2-CF polymer composite, instrumented 
drop-down impact tester was employed. Samples were 40 mm in diameter for observing the impact 
absorption ratio. A photoelectric sensor collected the data from the initial impact moment until 
penetration occurred. 
The increased specific toughness was reported via growing metal nanowires [104] and carbon 
nanowires [105] on polyurethane substrate. Therefore, impact absorption energy study was carried out 
through drop-down impact tester. The impact absorption energy has been estimated from the weight 
capacity of the tester at the maximum impact. Both rebound and absorbed energy are considered for 
determining the impact energy. When the whole energy was completely absorbed to matrix and fibers, 
the rebound energy could be disregarded. In case of low velocity impact, the absorbed impact energy 
includes the delamination and bending deformation energy. When the fiber breakage occurs, however; 
the inherently brittle characteristic of composite results in the medium levels of energy absorption. 
The measured impact energy absorption results for bare carbon fiber and SnO2-CF resin composite are 
shown in Figure 3-7 [95]. The bare carbon fiber composite indicated the lowest impact energy 
absorption. The increased energy absorption was shown as increasing the content of SnO2 NRs on the 
carbon fiber surface due to the enhanced interphase interactions within composite. These interactions 
led to enhanced interwinded entanglement between carbon fibers and matrix, which facilitates the 
absorbing and transferring the energies through the interfaces. The nanostructured tin oxide prevents 
the crack propagation while external impact applying via strong interlocked and adhesive networks 
within interfacial region. The strong ionic bonds of tin oxide nanostructures with surface functional 
groups of carbon materials have been reported. Xie et al. [106] and Jiang et al. [107] mentioned that 
strong couplings between SnO2 and GO which developed by tightly joined Sn
4+
 onto the GO surface 
due to the electrostatic interactions of GO functional groups (carboxyl, hydroxyl and epoxy groups). 
Similarly, carbon fiber functional groups are carboxyl, hydroxyl and carbonyl, and hence the Sn
4+
 ions 
in SnO2 surface interact with the hydroxyl and carboxyl functional groups at carbon fiber surface. 
These surface functional groups acted an important role in enhancing the properties via forming 
strong ionic bonds with SnO2. Moreover, ester groups of polymer resin could interact with CF 
functional groups through building strong bonds. Thus, the combined effects of these various 
parameters enhanced overall impact energy absorption of the composite. 
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Figure 3-7. Energy-time response curve in terms of SnO2 molar concentrations. [95] 
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4. Electrochemical characterization of tin oxide nanorods 
based solid-state capacitor 
 
4.1. Materials and reagents 
 
  T-300 grade of plain woven carbon fibers (Chicago, IL, USA) were used for the electrode materials. 
A woven glass fiber (JMC Corp. Korea) was utilized as separator material which sandwiched between 
two WCF electrodes. SnO2 nanorods were grown for enhancing the surface area of electrodes. These 
tin oxide nanostructures were prepared from Tin acetate (Sn[Ⅳ](CH3CO2)4), sodium stannate 
trihydrate (Na2SnO3∙3H2O) and sodium hydroxide (NaOH) which received from Sigma-Aldrich (St. 
Louis, MO, USA). The two kinds of ethanol were used as solvent, one was purchased from J.T. Baker 
(Phillipsburg, NJ, USA) for seeding solution and the other was purchased from Samcheon Pure 
Chemical Co. Ltd. (Pyeongtaek, Korea) for hydrothermal process. The unsaturated vinyl ester resin 
(RF-1001MV) and methyl ethyl ketone peroxide (MEKP) crosslinker were purchased for developing 
matrix from CCP composites (Jeollabuk-do, Korea) and ARKEMA (Gyeongsangbuk-do, Korea), 
respectively. The ionic liquid 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIMBF4; reagent 
grade; C-TRI, Korea) and lithium salt lithium trifluoromethane sulfonate (LiTf) (Sigma–Aldrich, St. 
Louis, MO, USA) were utilized for enhancing of ionic conductivity to matrix. 
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4.2. Experiments 
 
4.2.1. Solid-state capacitor assembly 
 
  The CF electrode surfaces were increased surface area via synthesizing tin oxide nanorods. two-
step hydrothermal process was performed to grow tin oxide nanostructures. two-step hydrothermal 
process is composed with seeding and growing procedure. Tin acetate (0.04M) and sodium hydroxide 
(0.04M) were used for making seed solution. Both were stirred for 30 min at 65℃ heating in 400 mL 
and 80 mL of ethanol, respectively. Prepared two solutions were mixed after cooling and additional 
320 mL of ethanol was added with stirring 10 min. The pH level of seeding solution was maintained 
to 7-8. The sodium stannate trihydrate, sodium hydroxide and ethanol (Samcheon Pure Chemical) 
were used for growing procedure. The Na2SnO3∙3H2O and NaOH were dissolved at a 1:4 M ratio in 
150mL deionized water (DIW), respectively. Both two solutions were mixed for 15 min and then 300 
mL of ethanol was slowly added for 1 h stirring. The pH level of growing solution was maintained to 
13-14.  
  The pristine CFs were dipped in synthesized seeding solution for 10 min and then annealed at 150 ℃ 
for 10 min. The dipping and annealing procedures were repeated for 5 times. The seeded WCFs were 
dipped in prepared growing solution and transferred to stainless-steel autoclave for hydrothermal 
heating procedure. Hydrothermal heating was performed at 220 ℃ for 24 h for synthesizing tin oxide 
nanorods. 
  The vacuum assisted rein transfer molding (VARTM) was used for preparing capacitor samples. 
Typically, the carbon based composite capacitor is composed with two activated carbon based 
electrodes and one separator. The activated carbon material electrodes have high specific area that 
could accumulate the electric charges. The separator prevents the electric connection between 
electrodes and usually filter paper, glass fiber and polypropylene membrane are used. The capability 
of energy storage is highly related with the available electrode surface because the electric charges in 
electrolyte are accumulated onto the electrode surface. In addition to that the size and concentration of 
electrolyte ion and electrolyte stability are also crucial factors. The glass fiber was reported as good 
separator material when considering both electrochemical and mechanical perspective [108]. In this 
process, therefore, the one layer of glass fiber was sandwiched into two prepared hybrid SnO2-CF 
electrodes as separator. These three fabric layers were placed in the vacuum chamber. The copper 
tapes were applied to the surface of the electrodes as the current collector for electrochemical 
characterization. The vacuum bagging film and sealant tape were arranged over the prepared sample 
to create a vacuum. An inlet and outlet were employed for vacuum and resin flow to the chamber. The 
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60 kPa of vacuum pressure was set to the system using vacuum pump. The prepared resin was 
injected to the system via inlet pipe and then the chamber was maintained the vacuum state for 48 h in 
order to provide sufficient curing time.  
The functionalized resin, in other words, solid electrolyte was prepared via mixing ionic liquid 
(20 %), lithium salt (10 %) and polymer resin (70 %). The lithium salt was added into the ionic liquid 
and stirred continuously until completely dissolved. This lithium salt and ionic liquid mixture were 
mixed exhaustively with polymer resin until homogeneous matrix was established. After arranging the 
uniformly mixed matrix, in was injected to the VARTM system and functioned as solid electrolyte. 
The ionic liquids are frequently utilized in conventional supercapacitors due to the large operating 
voltage window, high conductivity and superior thermal stability [109]. The presence of lithium salt in 
the ionic liquid prevents the phase separation of solid electrolyte and provides homogeneous 
monolithic matrix. The electrochemical performances of capacitor are enhanced as the content of the 
ionic liquid increasing; however, the mechanical properties of composite are decreased [110]. The 
electrochemical and mechanical properties of manufactured matrix generally show counterpart 
phenomena. Therefore, the amount of polymer resin was controlled at 70 % to minimize the 
deterioration of structural role. The overall procedure for fabricating structural SnO2-capacitor is 
shown in Figure 4-1. 
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Figure 4-1. Schematic diagram for manufacturing structural SnO2-CF capacitor. 
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4.2.2. Electrochemical characterization 
 
  The electrochemical performances of tin oxide modified multifunctional capacitor were depicted 
via two test fixtures. For identifying the performances of capacitor materials, Two- and three- 
electrode system are mainly considered test configurations. Three-electrode system, in other words, 
half-cell system usually is employed in electrochemical research and composed of a working 
electrode, a reference electrode and a counter electrode. In this system, the potential changes of only 
one electrode (i.e. working electrode) are measured, which means the voltage and charge transfer are 
analyzed within single electrode. The voltage potential differences are recorded with comparing to 
reference electrode. The counter electrode, also called auxiliary electrode, facilitates sustained current 
passing and hence it enables the potential of the working electrode could be measured against ascribed 
reference electrode. For identifying the overall performance of energy devices, the two electrode 
system is considered as appropriate test fixture. The analysis terminals are connected to two 
electrodes of packaged energy device which is generally consisted of two electrodes, one separator, 
electrolyte and current collector. The counter and reference electrode terminals are physically 
connected to each other and connected to one electrode of the test cell, and the working electrode is 
connected to remained electrode. The performances of whole cell which includes working electrode, 
electrolyte, and counter electrode are characterized through measuring the overall voltage potential 
differences by the current across.  
  The tin oxide nanords grown carbon fibers were characterized in three-electrode system as 
electrode for observing its performances in terms of growth concentration with multi-channel 
electrochemical instrument (IviumStat, Eindhoven, Netherlands). The tin oxide grown carbon fibers 
were characterized via cyclic voltammetry method (CV) as working electrode. Platinum coiled and 
saturated calomel electrodes (BAS Inc. Tokyo, Japan) were utilized as counter and reference electrode, 
respectively. CV experiments were performed at 0.1 V/s of scan rate in 1M KCl electrolyte. The areal 
capacitance of working electrode was determined by CV methods within 0 to 1 V of potential window. 
Prior to the test, the samples were immersed in the electrolyte and the size of immersed samples was 
strictly restricted with 10 mm x 10 mm square. 
  The solid-state structural capacitors were manufactured which consisted of two SnO2-CF layers as 
electrodes, one layer of glass fiber, and functionalized resin as solid electrolyte. Each capacitor was 
prepared two SnO2-CF layers which were synthesized in same growing solution. For identifying 
overall performances of assembled capacitors, cyclic voltammetry (CV), galvano-static charge 
discharge (GV), electrochemical impedance spectroscopy (EIS) measurements were performed. CV 
measurements were performed at 10 mV/s scan rate within 1 V of potential window for observing 
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current differences in terms of applied voltage. The charging and discharging capabilities were 
characterized via GV test with applying ± 10 mA current within same potential window. The 
impedance spectroscopy measurements were operated at the 0.5 V of sinusoidal voltage amplitude for 
identifying overall electrical resistance of capacitor samples. 
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4.3. Experimental results and discussions 
 
4.3.1. BET and morphology analysis 
   
  The Brunauer-Emmett-Teller (BET) specific surface area analysis was performed in the nitrogen 
atmosphere using a Physisorption Analyzer (ASAP2420 Analysis, Micromeritics, Norcross, USA). 
The morphology of tin oxide nanorods on carbon fiber were observed using SEM (Hitachi High-
Technologies Corp., Tokyo, Japan) in terms of growth concentration and BET area of SnO2 NRs 
grown carbon fibers were identified as function of growth concentration. SEM results of SnO2-WCFs 
are shown in Figure 4-1 and the degree of NRs growth are increasing along with SnO2 contents 
increasing. All analyzed samples were represented higher BET surface area relative to bare carbon 
fiber (ca. 0.4088 m
2
/g) [34]. The synthesized tin oxide nanostructures were increased the available 
surface area of interphase interaction. Although the sizes of tin oxide nanorods were increased along 
with molar concentration of growing solution, the 30 mM grown sample exhibited highest BET 
surface area (ca. 1.7953 m
2
/g). As the molar concentration of tin oxide nanorods increasing, the 
degree of the nanorods aggregation were increased, in other words, the nanostructures were grown 
much denser. The pore volumes were decreased from 30 to 70 mM samples though the growth of 
nanorods was enhanced. These assembled growths of nanorods lowered the available surface area of 
nanostructures and hinders the interactions with functionalized matrix. The high surface area is 
beneficial for the electrodes and helps improving permeations of the electrolyte [111].  
 
 
Table 4-1. BET surface area determination of SnO2 nanorods on CF surface 
 
 
10 mM 30 mM 50 mM 70 mM 
BET surface area (m
2
/g) 0.7249±0.0070 1.7953±0.0155 1.6281±0.0055 1.453±0.0035 
Pore volume (cm
3
/g) 0.005362 0.008799 0.006324 0.006519 
Pore size (nm) 29.58595 19.60475 15.53691 17.94637 
Specific capacitance (F/g) 0.0337 0.2188 0.1432 0.0703 
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Figure 4-2. SEM images for tin oxide nanorods on carbon fiber surface 
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4.3.2. Cyclic voltammetry for SnO2-WCF electrodes (three-electrode system) 
 
The electrochemical properties of SnO2 NRs on carbon fibers at different SnO2 growth 
concentrations were evaluated through cyclic voltammetry (CV). CV is a type of potentiodynamic 
electrochemical measurements, in which the working electrode potential is ramped linearly versus 
time like linear sweep voltammetry. This is a powerful method for identifying electrode materials for 
electrochemical capacitor applications in the electrochemistry area. In this method, the electrodes are 
generally dipped in the electrolyte. Electric double layers form at the interface surfaces between 
electrodes and electrolyte which are accessible to ions present in the electrolyte [112]. The 
characterization experiments were conducted in a three-electrode system with a Pt coil as counter 
electrode and a SCE as reference electrode in 1M KCl solution. The electrochemical performance of 
SnO2 NRs on carbon fibers were depicted at scan rate of 0.1 V/s in the potential range 0 to 1 V in 
terms of growth concentration of tin oxide including bare carbon fiber (Figure 4-3). The CV curves of 
SnO2 NRs on carbon fibers exhibit a quasi-rectangular shape with no redox peaks which indicates that 
their capacitance predominantly arises from ideal behavior of electrical double layer capacitors [113]. 
The areal capacitance SnO2-CF electrodes were calculated via CV tests using following equation 
[114]: 
 
1
C IdV
S v V

  
  (4.1) 
where C is areal capacitance (F/cm
2
), S is the area of the electrode immersed in the electrolyte, ν is the 
potential scan rate (V/s), ΔV is the potential window and I is the current on CV curves. In this 
investigation, cyclic voltammetry measurement at bare carbon fiber and various molar concentration 
10, 30, 50, 70 mM performed the areal capacitance of 5.79, 8.61, 23.20, 15.73 and 10.12 mF/cm
2
 
respectively. The varying tendency of areal capacitance was well matched with BET analysis results. 
The highest areal capacitance was performed at 30 mM sample and this was larger value than reported 
for similar nanostructures, such as TiO2 nanotubes (3.24 mF/cm2 at 100 mV/s) [115], TiO2 nanowires 
grown on carbon fibers (4.4 mF/cm2 at 10 mV/s) [113] and ZnO nanowires on flexible fibers (0.21 
mF/cm2 at 100 mV/s) [116]. The higher capacitance of SnO2-CFs can be ascribed by the two reasons: 
(1) high conductivity and 3-D surface of carbon fiber substrate; (2) SnO2 nanorods were directly 
grown on carbon fiber and increased surface area, thus enable the enhanced interfacial charge transfer.  
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Figure 4-3. Cyclic voltammograms for SnO2-CF electrodes 
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4.3.3. Electrochemical characterization for SnO2-CF composite (two-electrode system) 
 
  The electrochemical performances of SnO2-WCF structural capacitor was identified via CV, GV, 
EIS. These three analysis methods are the most frequently utilized techniques for identifying the 
electrochemical performance of a capacitor.  
  The CV analysis was performed in two electrode system in terms of growth concentration. The tests 
were carried out at 10 mV/s within 0-1V potential window through connected current collector. CV 
results of structural capacitors were shown in Figure 4-4 and these showed nearly rectangular curves 
which are similar with carbon fiber based capacitors [117]. As expected, the 30mM SnO2-WCF 
capacitor performed largest CV curve area which represents the capability of charge storage. The 
pseudocapacitive redox peaks were not shown in CV curves but exhibited the double layer 
capacitance behaviour between the active electrode and electrolytes. The integrated area of CV curves 
is in good agreement with the BET area analysis result and could infer that the increased surface area 
facilitates electric charge storage.  
  The observed GV curves at current 10 mA in the voltage range 0-1 V as a function of time (s) were 
shown in Figure 4-5. The nearly triangular shaped GV curves demonstrates the capacitive behavior 
which induced by the interactions between electrodes and electrolytes. The linearity in the discharge 
region reaffirmed the double layer capacitance behavior without redox reactions [118]. The specific 
capacitance values at 0, 10, 30, 50 and 70 mM were found to be 16.94, 24.03, 141.91, 96.27, and 
54.51 mF/g, respectively. These values were obtained according to following equation [119];  
 
/
cell
I
C
mdV dt
   (4.2) 
in which I is the discharge current (in A), m is the total mass of the two electrodes (in g), dV/dt is the 
slope of the discharge curve. The slope of the discharge curve was considered within stable operating 
voltage region with excluding the ohmic drop (IR drop). The initial portion of the slope in the 
discharge curve was considered excluding initial portion (IR drop) to avoid overestimation of the 
specific capacitance, dV/dt was calculated from following equation [119]; 
  maxmax 2 1/ /
2
V
dV dt V T T
 
   
 
  (4.3) 
  The high wettability that incurred by the SnO2 nanorods increased the interlaminar contact of the 
electrodes with the electrolyte and enhanced the electrochemical performance. From the specific 
capacitance of two electrode system (C), the energy (E, in Wh∙kg-1) and power (P, in W∙kg-1) density 
of structural capacitor were estimated using the following equations [82]; 
53 
 
 
21
2
sE C V   (4.4) 
 /P E t    (4.5) 
where E, C, V, P and Δt represents for energy density, specific capacitance, discharge voltage window 
excluding IR drop, power density and discharge time, respectively. The obtained specific capacitance, 
energy and power density were shown in Table 4-2. The 30 mM sample had the highest energy density, 
in other words, the highest amount of energy could be stored. The specific capacitance and energy 
density performs good agreement with BET analysis result. The increased surface area of carbon 
fibers enables the more electric energy could be stored through enhanced interaction within interphase 
region. The obtained power densities were highest in bare carbon fiber (0 mM) composite due to the 
light weight of the two electrodes. The electrodes weight at 0, 10, 30, 50 and 70 mM were measured 
to be 2.6, 3.3, 3.7, 4.4 and 4.8 g, respectively. The light weight of the bare carbon fiber (0 mM) 
influenced to the power density, however, the electrochemical performance as capacitor is inferior due 
to the low capacitance and energy density. The 30 mM sample had the second highest power density, 
in other words, it had the highest power density among the SnO2 grown WCF samples. Even the 
contents of the tin oxide on carbon fiber surface, electrochemical performances of structural 
capacitors were not increased. The fiber and resin volume fractions of synthesized SnO2-composite 
were also obtained by measuring the weight of SnO2-CF samples. The weight of the tin oxide samples 
was measured and the density of resin, carbon fiber and SnO2 were used for calculating volume 
fractions [38, 58, 78]. The fiber volume fraction at 0, 10, 30, 50 and 70 mM were calculated to be 
46.16%, 43.47%, 41.23%, 44.52%, 46.95%, respectively. The fiber volume fraction result exhibits 
similar tendency with BET surface area results and demonstrates the higher surface area enables more 
resin could be infused. However, the differences of volume fraction values are located within 5%, 
therefore, the fiber volume fraction cannot be the critical factor for energy storage performances. 
From equation (2.2), the energy storage performances are mainly influenced by the specific electrode 
surface area and distance between two electrodes. Therefore, the thickness of synthesized SnO2-WCF 
capacitor was measured and exhibited 0.830, 0.985, 0.986, 0.988 and 1.027 mm at 0, 10, 30, 50 and 
70 mM samples, respectively. The differences of capacitor thickness were very low and also every 
capacitor was fabricated in vacuum environment. Therefore, the energy storage performance of 
structural capacitor is mainly controlled by specific surface area of the two electrodes.  
The internal resistance of the capacitors would be increased due to the resistance of the grown tin 
oxide. Although the tin oxide nanostructures enhanced the surface area, the excessive amounts of tin 
oxide could hinder ion transfer behavior in interphase region. The internal resistance of the capacitor 
could be identified by Nyquist plot via measuring equivalent series resistance (ESR).  
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The electrochemical impedance spectroscopy measurements were conducted with the 0.5 V of the 
sinusoidal voltage in two electrode system. EIS is a useful technique complementary to galvanostatic 
charge discharge measurements that gives more information on the electrochemical frequency 
behavior of the system. The EIS data were presented via Nyquist plots and shown in Figure 4-6. The 
high frequency resistor-capacitor (RC) loops or semicircles were not depicted which indicates a good 
electrode contact [120]. The vertical lines close to 90 degree demonstrates the ideal capacitive nature 
of the carbon fiber electrodes [87]. The high performance capacitor demands large values of specific 
capacitance and low values of ESR [121]. The 30 mM sample performed the lowest ESR and overall 
difference tendency of SnO2-WCF capacitors was well matched with specific capacitance and BET 
results. The SnO2-WCF composite revealed the poor ESR relative to conventional supercapacitors 
[122]. The poor ionic conductivity of the matrix could be one reason though the presence of ionic 
liquid and lithium salt. Aqueous electrolytes such as KCl and H2SO generally have smaller ion size 
and lower ESR relative to ionic liquid but lower breakage voltage. The ionic liquid could be operated 
under high voltage up to 4.3-4.5 V [123]. 
 
Table 4-2. Overall electrochemical energy storage perforemances and ESR for structural SnO2-CF 
capacitors. 
 
Specific capacitance 
(mF/g) 
Energy density 
(10
-3
 Wh/kg) 
Power density 
(W/kg) 
ESR (Rs) 
(Ω) 
0mM 21.78 1.54 1.63 810.0 
10mM 30.39 2.05 1.06 774.7 
30mM 147.53 15.06 1.16 681.7 
50mM 100.64 8.04 0.86 699.1 
70mM 56.78 4.25 0.76 726.0 
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Figure 4-4. Cyclic voltammograms for structural SnO2-CF capacitor 
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Figure 4-5. Galvanostatic charge discharge curves for structural SnO2-CF capacitors. 
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Figure 4-6. Nyquist plots for structural SnO2-CF capacitors. 
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5. Conclusions 
 
  In the following section, the mechanical and energy storage performances were compared with 
other metal oxide nanomaterials such as ZnO and CuO. Both, metal oxide materials are also 
frequently used due to its extensive applications for sensors and energy storage/harvesting devices 
[35-37, 39-41]. 
  In mechanical property comparison, the ZnO and CuO nanostructures were synthesized using same 
hydrothermal methods with one-dimensional nanorod morphology. These synthesized nanostructures 
were worked as secondary reinforcements within interphase region and compared in terms of molar 
concentration differences of growth solution.  
The electrochemical properties were also characterized with ZnO and CuO nanorods which 
synthesized by two step hydrothermal methods. The 30 mM concentration sample was selected and 
compared for observing energy storage performance as structural capacitor form. The operating 
potentials of each nanomaterial are different due to its different electrochemical potentials. The ZnO is 
generally analyzed under 0.6 V potential amplitude as electrode material [124-126] and CuO is 
studied under 0.5 V of potential window [127-129]. Therefore, the electrochemical performances of 
SnO2, ZnO and CuO were evaluated within -0.5 to 0.5 V of potential window for the comparison. The 
pseudocapacitive effect which employed by redox reaction was not involved in these tests. 
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5.1. Mechanical property comparison with ZnO, CuO 
 
For comparing the improvements of mechanical performances, the previous mechanical test results 
of ZnO- and CuO-CF composite were utilized [33, 34]. The ZnO and CuO nanorods were synthesized 
by same hydrothermal methods and the effects of molar concentration were considered. Impact and 
tensile test results were referred to compare the impact absorbed energy, tensile strength, and modulus. 
The increased percent of impact resistance and stiffness were obtained to compare the effectiveness of 
whisker. The impact and tensile test results are depicted in Figure 5-1 and 5-2.  
These three metal oxide nanostructures were worked as the secondary reinforcements in composite 
and exhibited different mechanical properties which were attributed by different affinity of functional 
groups and distinctive morphologies. In addition, the nanostructured density of metal oxides involves 
interfacial states between fibers and matrix. Among the three metal oxides, the tin oxide presented the 
highest stiffness of composite and this result attributes well matched results in basic property 
comparisons at Table 1-1. Especially, the modulus was drastically enhanced as molar concentration 
increasing relative to other samples. The impact response properties were best at ZnO composite, 
however; improvement of tin oxide was better than CuO. In addition, the tin oxide nanorods were 
demonstrated superior impact resistance and strength as growth concentration increasing.  
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Figure 5-1. Impact test graphs for (a) SnO2, (b) ZnO, and (c) CuO. 
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Figure 5-2. Tensile test graphs for (a) SnO2, (b) ZnO, and (c) CuO 
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5.2. Electrochemical energy storage performance comparison with ZnO and CuO 
 
As mentioned before the operating potential ranges were set between -0.5 to 0.5 V and 30 mM of 
growth concentration was selected for energy storage performance comparison. The electrochemical 
analysis conditions were same; 10 mV/s of scan rate for CV, 10 mA current for GV and 0.5 V of 
sinusoidal voltage amplitude for EIS. ZnO and CuO nanostructured CF were fabricated by same 
hydrothermal process and structures of multifunctional structural capacitors were equally developed 
via VARTM. The synthesis process of ZnO and CuO was referred from previous reports [33, 34]. 
In Figure 5-3, the compared CV, GV and EIS results are presented and specific capacitance, energy 
and power density, and ESR are summarized in Table 5-1. Based on CV curves, the redox reactions 
were excluded in all metal oxides and exhibited the electric double layer behavior. Even the highest 
theoretical capacitance of ZnO, the energy storage performances were inferior. The low performances 
of ZnO were attributed by high resistance and poor intrinsic properties for electrochemical energy 
storage functions [45]. The ZnO sample presented shortest charging time in GV results and this 
demonstrates the low energy storage capability. The CuO sample was performed longer charging time 
than ZnO, however; specific capacitance was lower than SnO2 due to the small value of discharge 
slope. Although the theoretical capacitance was lowest among the metal oxides, the relatively higher 
dielectric constants could be attributed the higher specific capacitance than ZnO. Among them, the 
SnO2 nanorods presented best capacitive results. All the summarized values in Table 5-1 were 
indicated that the best energy storage performances of SnO2-CF structural capacitor. These superior 
results were carried out due to the high theoretical capacitance, enhanced accessible surface area for 
electric charge, and lowest internal resistance (ESR) of fabricated cell. In addition, tin oxide can be 
operated at higher voltage amplitude about 1 V which advantageous characteristic for energy storage 
applications. 
 
 
Table 5-1. Electrochemical performances of CuO, ZnO, and SnO2 
Metal oxide 
Specific capacitance 
(mF/g) 
Energy density 
(10
-3
 Wh/kg) 
Power density 
(W/kg) 
ESR (Rs) 
(Ω) 
CuO 6.42 0.63 0.50 689.6 
ZnO 2.73 0.27 0.38 720.1 
SnO2 17.78 2.18 1.46 681.7 
 
67 
 
 
 
68 
 
 
Figure 5-3. Electrochemical analysis results for CuO, ZnO, and SnO2, (a) Cyclic voltammogram, (b) 
Galvanostatic charge discharge graph, and (c) Nyquist plot 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
69 
 
 
5.3. Summary 
 
In this thesis, the tin oxide nanorods on carbon fiber surfaces were focused and studied for 
highlighting mechanical and electrochemical energy storage properties. The tin oxide nanostructures 
were performed as the secondary reinforcements within interlaminar region. SnO2 nanostrucutured 
CFRPs were finalized by mechanical and electrochemical tests to evaluate the role of tin oxide 
whiskerization, and the improved mechanical and energy storage performances were achieved. It was 
disclosed that the interfacial states between fibers and matrix critically influences to overall 
performances of composites and thus the SnO2 nanorods were successfully functioned as the 
secondary reinforcement. 
SnO2 nanorods were successfully synthesized on CF surfaces via two step hydrothermal method 
with different growth concentrations. The nanostructures were anisotropically grown by self-assembly 
mechanism at high pH level of growth solution. SEM, XRD, XPS, and BET analysis were utilized for 
identifying the morphologies and structures of tin oxide. The uniformly synthesized nanostructures 
and no other contaminants were discovered on CF surface except SnO2 based on SEM and XRD 
results. In addition, the well attached nanorods on CF surfaces were identified by XPS study and 
enhanced surface area was achieved. According to BET analysis, the 30 mM of growth solution 
sample exhibited the highest surface area and the pore volume was identified that closely grown SnO2 
structures at higher growth concentration. 
According to the mechanical and electrochemical experiments, it was revealed that tin oxide 
nanorods were improved the performances of CFRP composite. In impact and tensile tests, enhanced 
impact absorbed energy (71.65 %), ultimate tensile strength (35.07 %), in-plane shear strength 
(49.07%), and elastic modulus (44.15%) were exhibited in SnO2 fabricated composite. The infacial 
interactions between fibers and matrix were increased due to the role of the SnO2 nanorods as 
whiskers. Enhanced surface area of CF surface and surface functional groups on nanostructures were 
achieved increased load transfer from external forces and improved crack resistance from impact. 
Synthesized SnO2 reinforced the overall CFRP as secondary reinforcements and achieved the 
enhanced structural functions. The energy storage functions as multifunctional material were 
evaluated by electrochemical test with developed SnO2-CF structural capacitors. The experimental 
conditions in CV, GV and EIS were set for appropriate performance identification. As expected from 
referred literatures, it was disclosed that the surface area of electrode is crucially affects to the energy 
storage performances. The surface area of electrode was highest in 30 mM sample and thus the 
improved specific capacitance (147.53 mF/g), energy density (15.06 mWh/kg), and power density 
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(1.16 W/kg) were exhibited. The enhanced accessible surface area for electric charge was achieved by 
1-D aligned nanostructures, therefore; more capabilities for energy storage can be achieved. The 
multifunctionality of SnO2 reinforced CFRP was characterized in terms of mechanical and energy 
storage functions and tin oxide nanomaterials were highly considered for achieving enhanced 
performances of composite. 
 
 
5.4. Future works 
 
Multifunctionality of the SnO2-CF composite was exhibited in this thesis. Both the enhanced 
mechanical properties and energy storage performances were achieved by tin oxide nanorods on CF 
surfaces. However, the energy storage performances of manufactured structural capacitors were 
relatively lower than other typical energy devices due to its structural limitations for using solid 
polymer resin and high resistance of overall cell system. There are several potentials for improving 
performances of multifunctional capacitors. One is the modifying the solid electrolyte resin. The 
existence of polymer resin provides the structural functions on composite, but it also lowers the 
contents of ions and degrades the role of electrolyte. Generally, the mechanical and energy storage 
performances present the cross-cutting phenomena, therefore; finding the optimized condition is 
really challenging which satisfies both structural and energy storage functions. However, the rewards 
of developing such optimized composite are enormous, offering huge advantages for reducing volume 
and weight of system.  
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